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Regulation of renal phosphate transport by acute and chronic meta-
bolic acidosis in the rat. Metabolic acidosis results in impaired renal
tubular phosphate reabsorption and proximal tubular apical brush border
membrane (BBM) sodium gradient-dependent phosphate transport
(Na/Pi cotransport) activity. In the present study we investigated the
cellular mechanisms responsible for decreased Na/Pi cotransport activity
following six hours to 10 days of metabolic acidosis induced by ingestion of
NH4Cl. Urinary Pi excretion was significantly increased and BBM Na/Pi
cotransport activity was progressively and significantly decreased by 18%
at six hours, 24% at 12 hours, 32% at 24 hours, and 61% after 10 days of
metabolic acidosis. The progressive and time-dependent decreases in
BBM cotransport activity were associated with progressive decreases in
BBM NaPi-2 protein (43% at 12 hr, 54% at 24 hr and 66% at 10 days) and
cortical NaPi-2 mRNA (22% at 12 hr, 54% at 24 hr and 56% at 10 days)
abundance. Interestingly, following six hours of metabolic acidosis, there
was a significant 29% decrease in BBM NaPi-2 protein abundance that
was not associated with decreases in either cortical homogenate NaPi-2
protein or cortical NaPi-2 mRNA abundance. In additional studies we
found that the effects of chronic metabolic acidosis on Na/Pi cotransport
activity were independent of endogenous parathyroid hormone activity,
but were somewhat dependent on dietary Pi intake. In rats fed a high or
a normal Pi diet metabolic acidosis caused significant decreases in Na/Pi
cotransport activity, NaPi-2 protein and NaPi-2 mRNA abundance, how-
ever, in rats fed a low Pi diet the inhibitory effect of metabolic acidosis on
Na/Pi cotransport were minimal and not significant. These results indicate
that in chronic ($ 12 hr) metabolic acidosis the progressive decrease in
BBM Na/Pi cotransport activity is most likely mediated by decreases in
BBM NaPi-2 protein and cortical mRNA abundance. In contrast, in acute
(# 6 hr) metabolic acidosis the decrease in BBM Na/Pi cotransport
activity is likely mediated by changes in the trafficking of the NaPi-2
protein that is, enhanced internalization from and/or impaired delivery of
the NaPi-2 protein to the apical BBM.
Acute and chronic metabolic acidosis in humans and in exper-
imental animals has been shown to be associated with an increase
in the urinary excretion of phosphate [1–11]. In metabolic acidosis
the increase in urinary phosphate may contribute substantially to
renal acid secretion by increasing titratable acid excretion [12, 13].
Studies in experimental animals have shown that metabolic
acidosis induces phosphaturia by impairing renal proximal tubular
apical brush border membrane (BBM) sodium gradient-depen-
dent phosphate transport (Na/Pi cotransport) activity [4, 5, 7, 8].
In BBM vesicles isolated from control and acidotic rats kinetic
studies indicate that metabolic acidosis causes a decrease in the
Vmax of Na/Pi cotransport activity [4, 5]. It is not known whether
the decrease in the Vmax reflects a decrease in the number of
active Na/Pi cotransport proteins or a change in the transport
properties of existing Na/Pi cotransport proteins.
Recently the cDNA for a Na/Pi cotransport system of rat kidney
cortex (NaPi-2) has been identified by expression cloning [14].
Using the polymerase chain reaction after reverse transcription of
mRNA in microdissected nephron segments, and also using
polyclonal antibodies raised against this renal Na/Pi cotransport
system, the NaPi-2 related mRNA and protein has been shown to
be expressed in the apical brush border membranes of the
proximal tubules in rat kidney [15].
The present study in the rat investigated: (a) whether the
inhibitory effect of metabolic acidosis or Na/Pi cotransport activity
is mediated by changes in Na/Pi cotransporter mRNA or protein
abundance; (b) whether metabolic acidosis also causes alterations
in membrane lipid composition and/or lipid fluidity, which could
further modulate Na/Pi cotransport activity [16, 17]; and (c)
whether the inhibitory effect of metabolic acidosis on Na/Pi
cotransport activity is dependent on endogenous parathyroid
hormone (PTH) activity and/or dietary phosphate intake.
METHODS
Experimental animals
All experiments were performed in male Sprague-Dawley rats
weighing 200 to 250 grams. During the experiments animals were
kept in individual metabolic cages to control food and fluid intake
and to collect urine for determination of inorganic phosphate (Pi)
and creatinine. Experiments were started after animals were
allowed to adapt to the metabolic cages for a few days.
Chronic experiments. For chronic experiments control and ex-
perimental rats were pair-fed either a control rat chow (controls),
or control chow supplemented with 16 mg NH4Cl per gram (acid
treated rats). Fluid intake was unrestricted. Control animals
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received deionized water, while acid treated animals were given
additional NH4Cl as a 0.28 M solution in deionized water. Control
and acid-treated rats were sacrificed at the end of the 10-day
treatment period.
Acute experiments. For acute experiments the rats were trained
to eat their food and drink their water between 7:00 a.m. and
11:00 a.m. After the rats were trained for three consecutive days,
on the fourth day (day of the experiment), the rats were supplied
with either (a) control chow and distilled/deionized water, or (b)
control chow supplemented with 16 mg NH4Cl/gm diet and 0.28 M
NH4Cl in deionized water. Control and acid-treated rats were
then sacrificed six hours, 12 hours, or 24 hours later.
To examine the potential role of alterations in endogenous
parathyroid hormone (PTH) activity on the regulation of Na/Pi
cotransport by metabolic acidosis, experiments were also per-
formed in (a) control rats or (b) rats with selective parathyroid-
ectomy (Charles River, Boston, MA, USA) that were pair-fed
either (i) the control diet or (ii) the acid diet as above for 10 days.
To examine the interrelationship of metabolic acidosis and
dietary Pi intake on Na/Pi cotransport, additional experiments
were performed with rats receiving a synthetic diet (Teklad,
Madison, WI, USA) containing either low (0.1%), normal (0.6%)
or high (1.2%) Pi content in combination with or without NH4Cl
in the food and drinking water.
All animals were anesthesized with intraperitoneal pentobarbi-
tal after completion of their respective treatment, and an aortic
puncture was performed for arterial blood gas analysis and
measurement of inorganic phosphate and creatinine. The kidneys
were then rapidly removed and one half of each kidney was used
for RNA isolation, and the other half of each kidney was used for
BBM isolation. We studied at least six rats (N 5 6 BBM or RNA
samples) from each control and acid-treated group.
Isolation of total cortical homogenate and brush border
membranes
Thin slices from the rat kidney superficial cortex were cut at 4°C
and homogenized with a Polytron in a buffer consisting of 300 mM
mannitol, 5 mM ethylene glycol-bis (-aminoethyl ether)-
N,N,N9N9-tetraacetic acid, 1 mM phenylmethylsulfonyl fluoride,
16 mM N-2-hydroxyethylpiperazine-N9-2 ethanesulfonic acid
(HEPES), and 10 mM Tris (hydroxmethyl) aminomethane (Tris),
pH 7.50. An aliquot was saved for measurement of enzyme activity
(see below) and Western blotting (see below). From the resulting
total cortical homogenate apical brush border membrane vesicles
were prepared by differential centrifugation after Mg21 aggrega-
tion as previously described [18]. The BBM final pellet was
resuspended in a buffer of 300 mM mannitol, 16 mM HEPES, and
10 mM Tris, pH 7.50, and was aliquoted for simultaneous mea-
surements of (a) enzyme activity, (b) transport activity, (c) protein
electrophoresis and Western blotting, (d) lipid composition, and
(e) lipid fluidity. Protein concentrations of the cortical homoge-
nate and BBM preparation were determined by the method of
Lowry et al [19].
Brush border membrane enzyme activity measurements
The purity of each BBM preparation was determined by
measurement of BBM-bound specific enzyme activity, including
maltase, alkaline phosphatase, and leucine aminopeptidase as
previously described [20]. Enzyme activities were expressed as 58
mol/hr/mg cortical homogenate (CH) or BBM protein. Enrich-
ment (specific activity in BBM/specific activity in CH) for each
BBM preparation was determined using the above enzymes as
markers of BBM.
Brush border membrane transport activity measurements
Brush border membrane Na/Pi cotransport activity measure-
ments were performed in freshly isolated BBM vesicles by the
radiotracer uptake of 100 58 M K2H
32PO4 (Dupont-NEN Re-
search Products, Boston, MA, USA) and an inwardly directed
sodium gradient (150 mM NaCl) followed by rapid filtration [21].
Uptake was terminated after 10 seconds, representing the initial
linear rate. To determine the kinetics of Na/Pi cotransport activity
transport was measured in the presence of 25 to 800 58 M
extravesicular K2H
32PO4 and 150 mM NaCl. Na/glucose and
Na/proline cotransport measurements were also performed in a
similar manner by radiotracer uptake of [3H]-D-glucose and
[3H]-L-proline (Dupont-NEN), respectively.
Brush border membrane protein electrophoresis and Western
blot analysis
Brush border membranes were denatured for two minutes at
95°C in 2% sodium dodecyl sulfate (SDS), 10% glycerol, 0.5 mM
EDTA, and 95 mM Tris-HCl, pH 6.8 (final concentrations), and 10
mg BBM protein/lane were separated on 9% polyacrylamide gels
according to the method of Laemmli [22] and electrotransferred
onto nitrocellulose paper [23]. After blockage with 5% Carnation
milk powder with 1% Triton X-100 in Tris-buffered saline (20 mM,
pH 7.3), Western blots were performed with antiserum against the
C-terminal amino acid sequence of NaPi-2 at a dilution of 1:4,000.
Primary antibody binding was visualized using enhanced chemi-
luminescence (Pierce, Bradford, IL, USA) and the signals were
quantitated in a Phosphor Imager with chemiluminescence detec-
tor and densitometry software (BioRad, Richmond, CA, USA).
Brush border membrane lipid composition measurements
Lipids from brush border membrane were extracted by the
method of Bligh and Dyer [24], as we have previously described
[25, 26].
Table 1. Effect of acid diets on arterial blood pH and [HCO3
2]
pH [HCO3
2]
6 hr
CON 7.46 6 0.04 25.7 6 0.8
MA 7.30 6 0.06 14.6 6 0.3
P value , 0.001 , 0.001
12 hr
CON 7.36 6 0.03 25.9 6 0.5
MA 7.20 6 0.04 14.1 6 1.8
P value , 0.001 , 0.001
24 hr
CON 7.41 6 0.01 22.8 6 0.6
MA 7.20 6 0.03 11.7 6 1.4
P value , 0.001 , 0.001
10 days
CON 7.47 6 0.02 22.2 6 1.1
MA 7.20 6 0.04 10.5 6 1.1
P value , 0.001 , 0.001
The data are expressed as the means 6 SE for 6 rats in each group.
Abbreviations are: CON, rats fed a regular diet; MA, rats fed a NH4Cl
diet.
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(a) To determine free cholesterol content. An aliquot of the lipid
extract was injected into a 530 mm 50% phenylmethyl silicone
column in a Hewlett Packard model 5890 gas chromatograph with
a flame ionization detector, run isothermally at 280°C, with
coprostanol serving as an internal standard. Area ratios were
completed with a Hewlett-Packard 3392A integrator, and choles-
terol was expressed as nmol per mg brush border membrane
protein [16].
(b) To determine individual phospholipid polar head group
species. An aliquot of the lipid extract was applied to thin layer
chromatography plates (Silica Gel 60; E. Merck, Darmstadt,
Germany) and individual phospholipids including sphingomyelin,
phosphatidylcholine, phosphatidylethanolamine, phosphatidylser-
ine, and phosphatidyl-inositol were separated by a two-dimension
solvent system [27], as we have previously described [25, 26].
Phospholipid content in total and individual phospholipids was
determined by measuring phosphorus content by the method of
Ames and Dubin [28].
Brush border membrane lipid f luidity measurements
Brush border membrane fluidity was measured by the steady-
state anisotropy of 1,6-diphenyl-1,3,5-hexatriene (rDPH). The
steady-state anisotropy of DPH (rDPH) was measured in a spec-
trofluorometer equipped with excitation and emission polarizers
(PC1; ISS, Urbana-Champaign, IL, USA). Excitation wavelength
was 360 nm and emission was viewed through a KV 399 nm filter.
rDPH is determined by:
rDPH 5
I\ 2 I'
I\ 1 2I'
where I\ and I' represent the intensities of the parallel and
perpendicular components of the emission, respectively [25].
RNA isolation, formaldehyde gel electrophoresis and Northern
blot analysis
Thin slices from kidney superficial cortex were cut on an
ice-cold glass dish and homogenized with a Polytron in a dena-
turation solution containing 4 M guanidium thiocyanate, 25 mM
sodium citrate, pH 7.0, 0.5% sarcosyl, and 0.1 M of 2-mercapto-
ethanol. Sequentially, 0.1 volumes of 2 M sodium acetate, pH 4.0,
1 volume water-saturated phenol, and 0.2 volumes chloroform-
isoamyl alcohol mixture (49:1) were added to the homogenate.
Total RNA was isolated as previously described [29] and 10 mg of
each sample were size fractionated by agarose-formaldehyde gel
electrophoresis and transferred to nylon membranes by a vacuum-
blotting device (Bio-Rad). Prehybridization (4 hr at 42°C) and
hybridization (18 hr at 42°C) of the RNA blots were performed
with a buffer consisting of 5 3 SSPE (0.75 M NaCl, 50 mM
NaH2PO4, 5 mM EDTA, pH 7.40), 53 Denhardt’s solution [0.1%
Ficoll 400, 0.1% polyvinylpyrrolidone, and 0.1% bovine serum
(albumin fraction V)], 0.1% SDS, 100 mg/ml denatured salmon
sperm DNA, and 50% deionized formamide as previously de-
scribed [30]. A full length cDNA probe of NaPi-2 [14] was labeled
by random hexamer priming (Pharmacia) using [8-32P] dCTP
(Dupont-NEN). Blots were washed twice for 15 minutes in 0.1 3
SSPE with 0.1% SDS at 37°C, and twice for 15 minutes each time
in 0.1 3 SSPE with 0.1% SDS at 50°C. Hybridization signals were
quantitated by a phosphor imager analyzing system (BioRad,
Richmond, CA, USA) and normalized for loading using a full-
length rat glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
probe [31] and an 18S rRNA oligonucleotide probe synthesized as
described [32].
Data analysis
The data are expressed as the mean 6 SE. The statistical
significance of the results between samples obtained from control
and acidotic rats was determined by the unpaired students t test or
one way analysis of variance with Student-Newman Keul analysis
for multiple comparisons. Significance was accepted at the P ,
0.05 level.
RESULTS
Effect of NH4Cl diet on arterial blood pH and [HCO3
2]
In rats receiving NH4Cl in their diet and drinking water
significant decreases in arterial blood pH and HCO3
2 concentra-
tion were evident as early as in six hours. These changes persisted
at 12 hours and became more marked after 24 hours and 10 days
of treatment (Table 1).
Effect of metabolic acidosis on urinary phosphate excretion
In rats with metabolic acidosis there was a significant increase
in the urinary excretion of Pi as early as in six hours; the increase
in UPi 3 V persisted at 12 hours and became more marked after
24 hours and 10 days of metabolic acidosis (Table 2).
Table 2. Effect of metabolic acidosis on urinary excretion of phosphate
(UPi 3 V)
Control Acidosis P value
6 hr 207 6 36 463 6 66 , 0.02
12 hr 587 6 59 1021 6 73 , 0.01
24 hr 775 6 220 2537 6 312 , 0.01
10 days 884 6 156 3520 6 376 , 0.001
The data are expressed as the mean 6 SE for 6 rats in each group.
UPi 3 V is expressed as mg/6 hr, 12 hr, or 24 hr (for 24 hr and 10 day
groups).
Table 3. Effect of metabolic acidosis on brush border membrane
enzyme activity
Control Acidosis
Maltase
CH 16.3 6 0.8 18.2 6 0.4
BBM 194.2 6 7.9 194.0 6 6.6
ENR 12.0 6 0.5 10.6 6 0.3
Alkaline phosphatase
CH 68.8 6 3.1 71.9 6 4.0
BBM 701.5 6 31.6 657.9 6 42.2
ENR 10.3 6 0.6 9.2 6 0.2
Leucine aminopeptidase
CH 2.23 6 0.15 1.88 6 0.03a
BBM 24.85 6 1.11 19.31 6 1.19a
ENR 11.5 6 1.2 10.3 6 0.6
The data are expressed as the mean 6 SE for 6 BBM preparations in
each group. The enzyme activities are expressed as mmol/hr/mg cortical
homogenate (CH) or brush border membrane (BBM) protein. Enrich-
ment (ENR) is determined as enzyme activity in BBM relative to enzyme
activity in CH.
a P , 0.05.
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Effect of metabolic acidosis on brush border membrane enzyme
activity
Metabolic acidosis had a modest inhibitory effect on cortical
homogenate (CH) and brush border membrane (BBM) leucine
aminopeptidase activity, but did not affect maltase or alkaline
phosphatase activity. BBM isolated from cortical and acidotic rats
were highly and equally enriched, as reflected by 9.2- to 12.0-fold
enrichment for the BBM-specific enzyme markers (Table 3).
Effect of metabolic acidosis on brush border membrane Na/Pi
cotransport activity
In rats with metabolic acidosis, similar to the findings with the
urinary excretion of Pi, there was a significant decrease in BBM
Na/Pi cotransport activity as early as six hours, which then
persisted at 12 hours and 24 hours (Fig. 1), and became more
marked at 10 days (Fig. 2). Following 10 days of metabolic
acidosis there was a marked increase in the fractional excretion of
Pi (31 6 3% vs. 10 6 3% in controls, P , 0.01), which was
associated with a significant 61% decrease in BBM Na/Pi cotrans-
port activity (317 6 24 vs. 807 6 60 pmol 32Pi/10 seconds/mg BBM
protein in controls, P , 0.001; Fig. 2).
In contrast to the inhibitory effect of metabolic acidosis on
BBM Na/Pi cotransport activity, there were no changes in BBM
Na/glucose or Na/proline cotransport activities (results not
shown).
The effect of metabolic acidosis to impair proximal tubular
Na/Pi cotransport activity was evident in BBM isolated from both
the superficial cortex (SC-BBM, which are highly enriched with
BBM from proximal convoluted tubules) and the juxtamedullary
cortex (JMC-BBM, which are highly enriched with BBM from
proximal straight tubules) (Fig. 3) [26].
Since metabolic acidosis causes an increase in BBM Na/H
antiport activity [33], one possible mechanism for the impaired
Na/Pi cotransport activity could be a faster dissipation of the
Na1-gradient. However, the effect of metabolic acidosis to de-
crease Na/Pi cotransport activity was still evident in BBM Na/Pi
Fig. 1. Cortical brush border membrane
(BBM) Na/Pi cotransport in metabolic acidosis:
Measurements were performed in rats fed
either regular (CON) or NH4Cl (MA) diet for
6, 12 or 24 hours. Na/Pi cotransport was
determined by sodium gradient-dependent 32P-
uptake in cortical BBM vesicles. Metabolic
acidosis resulted in a significant decrease in
BBM Na/Pi cotransport activity at all
timepoints investigated. *P , 0.05; **P 0.01.
Fig. 2. Fractional phosphate excretion (FEPi)
and cortical brush border membrane Na/Pi
cotransport in chronic (10 days) metabolic
acidosis: Measurements were performed in rats
fed either regular (CON) or NH4Cl (CMA) diet
for 10 days. Na/Pi cotransport was determined
by sodium gradient-dependent 32P-uptake in
cortical BBM vesicles. Chronic metabolic
acidosis resulted in a significantly higher FEPi,
and a decrease in BBM Na/Pi cotransport
activity in acidotic animals. *P , 0.01; **P 0.01.
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transport experiments performed in the presence of 5 mM amilo-
ride, which caused almost complete inhibition of Na/H antiport
activity (Fig. 4).
Time-course measurements of BBM Na/Pi cotransport activity
indicated that BBM Na/Pi cotransport activity was lower in
metabolic acidosis at all time points. The two hour (equilibrium)
uptakes were identical, which indicates similar intravesicular
volume in BBM vesicles isolated from control and acidotic rats
(Fig. 5).
Kinetics of Na/Pi cotransport in the presence of 150 mM NaCl
and as a function of extravesicular Pi ranging from 25 to 800 58 M
Pi indicated that metabolic acidosis caused a decrease in the Vmax
of Na/Pi cotransport activity. In addition, there was also a
decrease in the Km or an increase in the affinity of the transporter
for Pi (Fig. 6).
Role of NaPi-2 protein and mRNA in the regulation of Na/Pi
cotransport activity by metabolic acidosis
The effect of metabolic acidosis to cause an increase in the
urinary excretion of Pi and to decrease BBM Na/Pi cotransport
activity was associated with a progressive decrease in BBM NaPi-2
Fig. 3. Effect of metabolic acidosis on Na/Pi
cotransport activity in brush border membrane
(BBM) isolated from the superficial cortex (SC-
BBM; A) and juxtamedullary cortex
(JMC-BBM; B). Metabolic acidosis caused a
significant decrease in Na/Pi cotransport activity
in both SC-BBM and JMC-BBM. *P , 0.01.
Fig. 4. Effect of metabolic acidosis on Na/Pi
cotransport activity in the absence (A and
presence (B) of 5 mM amiloride in rats fed
either regular (CON) or NH4Cl (CMA) diet.
The effect of metabolic acidosis to decrease
BBM Na/Pi cotransport activity is not mediated
by a faster dissipation of the Na1 gradient via
the enhanced Na/H antiporter activity. *P ,
0.02; **P 0.01.
Fig. 5. Effect of metabolic acidosis on the time-course of brush border
membrane (BBM) Na/Pi cotransport. At all time points Na/Pi cotransport
activity was lower in BBM from rats with metabolic acidosis fed either
regular (CON; solid line) or NH4Cl (CMA; dotted line) diet. The
equilibrium (2 hr) uptake was however quite identical, which indicates
similar intravesicular volume in control and acidotic BBM.
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protein abundance, 1.4-fold decrease at six hours (Fig. 7) and
3.0-fold decrease at 10 days (Fig. 8).
In contrast to the early effects of metabolic acidosis to decrease
BBM NaPi-2 protein abundance at six hours, there was no change
in cortical NaPi-2 mRNA abundance at six hours, a modest but
significant 1.3-fold decrease at 12 hours (Fig. 9) and a more
marked 2.2-fold decrease at 10 days (Fig. 10).
Therefore, the decrease in BBM Na/Pi cotransport activity
following 10 days of acidosis is associated with decreases in both
NaPi-2 protein and NaPi-2 mRNA abundance, whereas following
six hours of acidosis the decrease in BBM Na/Pi cotransport
activity is associated with a decrease in NaPi-2 protein but not
NaPi-2 mRNA abundance. Furthermore, Western blot analysis of
cortical homogenate and its corresponding BBM indicated that at
six hours the decrease in BBM NaPi-2 protein abundance was not
accompanied by a decrease in cortical homogenate (total) NaPi-2
Fig. 6. Effect of metabolic acidosis on the
kinetics of brush border membrane (BBM) Na/
Pi cotransport. Transport experiments were
performed in the presence of extravesicular Pi
concentration of 25 to 800 mM and 150 mM
NaCl. Metabolic acidosis caused significant
decreases in the Vmax for Na/Pi cotransport and
the Km for Pi. Solid line represents rats fed a
regular diet, and dashed line is rats fed a
NH4Cl diet.
Fig. 7. NaPi-2 protein abundance in metabolic
acidosis: Rats were fed either regular (CON) or
NH4Cl (MA) diet for 6, 12, or 24 hours. NaPi-2
protein abundance was determined by Western
blot analysis. The columns of the bar graph
show the mean values of NaPi-2 protein
abundance as relative intensities of the NaPi-2
specific bands quantitated by phosphor imaging
analysis. Metabolic acidosis resulted in a
significant decrease of NaPi-2 protein
abundance at all timepoints investigated. *P ,
0.05; **P 0.005.
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protein abundance (Fig. 11), whereas at 24 hours and 10 days
there were similar decreases in BBM and cortical homogenate
NaPi-2 protein abundance (results not shown).
Effect of metabolic acidosis on brush border membrane lipid
composition and lipid fluidity
Since in previous studies we found that alterations in BBM lipid
composition and/or lipid fluidity were associated with modulation
of Na/Pi cotransport activity [16, 17], we measured if metabolic
acidosis was associated with any alterations in BBM lipid compo-
sition and fluidity. We found that metabolic acidosis caused
significant decreases in BBM cholesterol, total phospholipid and
sphingomyelin mole content and also a significant decrease in the
sphingomyelin to phosphatidylcholine mole ratio (Table 4). The
BBM lipid compositional changes, however, were not associated
with a change in BBM lipid fluidity, at least as assessed by the
steady-state fluorescence polarization of DPH (Fig. 12).
Role of endogenous parathyroid hormone activity in the
regulation of Na/Pi cotransport activity by metabolic acidosis
The potential role of increased activity of or enhanced sensi-
tivity to the renal tubular action of parathyroid hormone in
Fig. 8. NaPi-2 protein abundance in chronic (10 days) metabolic acidosis: Typical blots from pair of rats fed either regular (CON) or NH4Cl (CMA)
diet for 10 days. Cortical brush border membranes were probed with anti-rat NaPi-2 antibody and visualized by enhanced chemiluminescence. The
relative intensities of the NaPi-2 specific bands were quantitated by a phosphor imager and the mean values are represented as columns in a bar graph.
Chronic metabolic acidosis reduced NaPi-2 protein abundance significantly by 66% after 10 days compared to control animals. *P , 0.001.
Fig. 9. NaPi-2 mRNA abundance in metabolic
acidosis: Rats were fed either regular (CON) or
NH4Cl (MA) diet for 6, 12, or 24 hours.
Abundance of NaPi-2 mRNA was determined
by Northern blot analysis. The columns of the
bar graph show the mean values of NaPi-2
mRNA abundance as relative intensities of the
NaPi-2 specific bands quantitated by phosphor
imaging analysis. Metabolic acidosis resulted in
a significant decrease of NaPi-2 mRNA
abundance at all timepoints investigated. *P 5
NS, **P , 0.05, ***P , 0.01.
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mediating the inhibitory effect of metabolic acidosis or Na/Pi
cotransport activity was assessed by determining the effect of
metabolic acidosis in rats with selective parathyroidectomy. As
expected, parathyroidectomy resulted in a marked increase in
BBM Na/Pi cotransport activity (Fig. 13). Metabolic acidosis,
however, caused similar inhibition of Na/Pi cotransport activity in
rats with intact parathyroid glands (36%) and in rats with para-
thyroidectomy (34%; Fig. 13). In addition, in rats with intact
parathyroid glands and in rats with selective parathyroidectomy,
metabolic acidosis caused similar decreases in BBM NaPi-2
protein and cortical NaPi-2 mRNA abundance (results not
shown).
Role of dietary Pi content in the regulation of Na/Pi
cotransport activity by metabolic acidosis
The potential role of dietary Pi content in modulating the effect
of metabolic acidosis or Na/Pi cotransport activity was assessed by
determining the effect of metabolic acidosis in rats fed a low
(0.1% Pi), a normal (0.6% Pi), or a high (1.2% Pi) Pi diet. As
expected BBM Na/Pi cotransport activity was highest in rats fed a
low Pi diet and lowest in rats fed a high Pi diet (Fig. 14). The
combination of NH4Cl in the food and in the drinking water
caused a similar degree of acidosis in all the three dietary Pi
groups. However, whereas metabolic acidosis caused significant
decreases in BBM Na/Pi cotransport activity in rats fed high (1.2%
Pi, 30% decrease) and normal (0.6% Pi, 36% decrease) Pi diets,
there was no significant decrease in rats fed a low (0.1% Pi, 9%
decrease) Pi diet (Fig. 14). Similarly, whereas metabolic acidosis
also caused significant decreases in BBM Na/Pi-2 protein and
cortical NaPi-2 mRNA abundance in rats fed high or normal Pi
diets, it had no significant effects on these two parameters in rats
fed a low Pi diet (results not shown).
DISCUSSION
Acute and chronic metabolic acidosis in humans and in exper-
imental animals has been shown to be associated with an increase
Fig. 10. NaPi-2 mRNA abundance in chronic
(10 days) metabolic acidosis: Typical blot from
a pair of rats fed either regular (CON) or
NH4Cl (CMA) diet for 10 days. Total RNA
prepared from renal cortex was hybridized with
a full length cDNA probe of NaPi-2 labeled by
random hexamer priming using [32P] dCTP.
The relative intensities of the NaPi-2 specific
bands were quantitated by a phosphor imager
and the mean values are represented as
columns (normalized for the amount of 18S) in
a bar graph. Chronic metabolic acidosis
reduced NaPi-2 mRNA abundance significantly
by 55% after 10 days compared to control
animals (P , 0.001).
Fig. 11. NaPi-2 protein abundance in total
cortical homogenate (A) versus cortical (B)
brush border membrane vesicles six hours after
intake of NH4Cl: Rats were fed either regular
(CON) or NH4Cl (MA) diet for six hours.
Western blot analysis of NaPi-2 protein was
performed from total cortical homogenate
(CH) and brush border membranes (BBM),
respectively. The columns of the bar graph
show the mean values of NaPi-2 protein
abundance as relative intensities of the NaPi-2
specific bands quantitated by phosphor imaging
analysis. A significant decrease in NaPi-2
protein content was detected in the BBM
fraction but not in total homogenate of renal
cortex from rats after six hours of NH4Cl
intake.
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in the urinary excretion of Pi [1–11]. In the present study we have
analyzed the mechanisms that mediate the increase in total and
fractional excretion of Pi, which are due to a decrease in proximal
tubular apical BBM Na/Pi cotransport activity.
The new findings of this study are that the decrease in BBM
Na/Pi cotransport activity in metabolic acidosis of $ 12 hours
duration is mediated by decreases in BBM NaPi-2 protein and
cortical NaPi-2 mRNA abundance. Tubular reabsorption of Pi
and BBM Na/Pi cotransport activity were also found to be
reduced within six hours of metabolic acidosis. Interestingly,
however, whereas the decrease in BBM Na/Pi cotransport activity
was associated with a similar decrease in BBM Na/Pi-2 protein
abundance, there were no changes in either cortical homogenate
(that is, total) NaPi-2 protein or cortical NaPi-2 mRNA abun-
dance. These findings suggest that early regulation of Na/Pi
cotransport in metabolic acidosis occurs at a posttranscriptional
and post-translational level. Metabolic acidosis could cause de-
creased expression of NaPi-2 protein in the apical BBM by
altering the trafficking of the NaPi-2 protein, either causing
enhanced internalization from the apical BBM or causing im-
paired delivery to the apical BBM.
In previous studies we have shown similar acute regulation of
Na/Pi cotransport activity by alterations in dietary Pi content [34,
35] and administration of parathyroid hormone (PTH) [36]. In
both of these models the acute alterations in BBM Na/Pi cotrans-
port activity and BBM NaPi-2 protein abundance occurred inde-
pendent of changes in NaPi-2 mRNA abundance.
In view of potential similarities between regulation of Na/Pi
cotransport activity by metabolic acidosis, dietary Pi content, and
PTH in additional studies we examined the potential role of PTH
and/or dietary Pi content in the inhibition of Na/Pi cotransport
activity by metabolic acidosis. We found that the inhibitory effects
of metabolic acidosis on BBM Na/Pi cotransport activity and
BBM NaPi-2 protein abundance were independent of endogenous
PTH activity. Furthermore, we found that normal (0.6% Pi) and
high (1.2% Pi) Pi diets also did not influence the inhibition of
Na/Pi cotransport by metabolic acidosis. On the other hand, in
rats fed a low (0.1% Pi) Pi diet the decrease in Na/Pi cotransport
activity and BBM NaPi-2 protein abundance were markedly
attenuated, and in fact statistically not different than in control
rats fed a 0.1% Pi diet with no added acid. These results therefore
suggest that the inhibitory effect of metabolic acidosis on proximal
tubular Pi reabsorption seems to depend, at least in part, on the
availability of dietary Pi.
Metabolic acidosis also resulted in significant alterations in
BBM lipid composition, including significant decrease in BBM
cholesterol and sphingomyelin content. The potential role of
these lipid alterations in the regulation of Na/Pi cotransport
activity is not certain. In recent preliminary studies, however, we
have found that in OK (opossum kidney) cells direct alterations in
membrane cholesterol and/or sphingomyelin content result in
modulation of membrane lipid microdomains and also Na/Pi
cotransport activity [37–40]. Further studies are needed to ex-
plore the potential role of alterations in BBM lipid composition in
the regulation of Na/Pi cotransport activity by metabolic acidosis.
In summary, we have shown that metabolic acidosis increases
urinary excretion of Pi and decreases BBM Na/Pi cotransport
activity. Regulation of transport activity occurs at the level of
apical BBM-bound NaPi-2 protein abundance. The early (, 6 hr)
effects of metabolic acidosis on Na/Pi cotransport seems to be
mediated by modulation of NaPi-2 protein trafficking to or from
the apical BBM, whereas the later (. 12 hr) effects are likely
mediated by modulation of NaPi-2 protein synthesis as well.
Modification of proximal tubular Pi reabsorption by acidosis is
independent of endogenous PTH activity, but it is dependent on
the availability of dietary Pi, as the inhibitory effects of acidosis on
BBM Na/Pi cotransport activity and NaPi-2 protein abundance
are abolished in the presence of a low Pi diet.
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